I. INTRODUCTION
Reaction chemistry has been shown to play a key role in the alignment of energy levels at metal-organic interfaces. The reaction between a metal and an organic compound solid film can produce an interface complex characterized by electronic gap states that can eventually control carrier injection between the two solids. The Mg͑Al͒-͓tris͑8-hydroxyquinolino͔ aluminum (Alq 3 ) system exemplifies such an interface. The reaction between Mg͑Al͒ and Alq 3 produces a new organometallic complex, giving rise to a large density of electronic states in the gap of the free Alq 3 .
1 These states pin the Fermi level high in the gap between the highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ at the Alq 3 /Mg interface. As a result, these states set the interface electron injection barrier and lead to the formation of an interface dipole induced by charge exchange. 2 Because the metal-molecule chemistry is similar at the Mg͑Al͒-on-Alq 3 and Alq 3 -on-Mg͑Al͒ interfaces, the gap state distribution is similar at both interfaces, and so are the metal-Alq 3 injection barriers. As a consequence, current-voltage characteristics for electrons injected from either the top or the bottom electrodes are identical. 3 A different situation exists at unreactive interfaces where no gap state appears as a result of a metal-molecule interaction. Little, if any, interdiffusion is observed when an organic material is deposited on a metal surface, limiting the metalmolecule interaction to the first molecular layer. On the other hand, penetration of metal atoms deep into the organic matrix can occur when a metal is evaporated onto an organic film. If these metal atoms are electronically active and dope the organic material, for example, with Au in copper hexadecafluorophthalocyanine (F 16 CuPc), 4 the electronic structure of the metal-on-organic interface can be very different from that of its abrupt organic-on-metal counterpart. In such a case, the interface fabrication sequence has a definite impact on the interface morphology and on its electrical characteristics. These issues clearly show that a complete investigation of the chemistry, morphology, electronic structure, and electrical behavior of a metal-organic interface is necessary to fully understand its behavior.
We present here a study of the Al/F 16 CuPc interface comprising chemical, morphological, and electronic structure aspects. Films of F 16 CuPc have relatively high electron mobility ͑ϳ0.02 cm 2 /V s), due to significant molecular stacking and -electron overlap, 5 making this compound a promising materials for air-stable n-channel thin film transistors. 6 Current-voltage (I -V) characteristics obtained in conjunction with spectroscopy of interface chemistry and energetics on a series of metal/F 16 CuPc/metal structures lead to the conclusion that chemical reactions of F 16 CuPc could destroy its conductivity by disrupting the molecular stacking. The width of the reacted region depends on the extent of metal atom diffusion into the organic material, which in turns depends on the deposition sequence. This investigation therefore provides evidence of the impact on device performance of intrinsic fabrication sequence effects, as opposed to extrinsic factors such as contamination.
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Torr, respectively. Substrates consisted of a Si wafer covered with a 250 Å Cr adhesion layer and a 500 Å top layer of Au. Metal and organic films were deposited in the growth chamber via thermal evaporation. Metal films fabricated under these conditions were contamination-free, as confirmed by x-ray photoemission spectroscopy ͑XPS͒. The F 16 CuPc was purified by gradient sublimation before insertion into the deposition chamber. Organic films were evaporated from a simple resistively heated crucible. The Al-on-F 16 CuPc interfaces used for spectroscopy studies were formed by incremental deposition of Al onto a 100 Å layer of F 16 CuPc deposited on the Au substrate. Interfaces of F 16 CuPc-on-Al were formed by incremental deposition of organic molecules on a 400 Å film of Al deposited on the Au substrate. Both Al and molecular films were deposited at a rate of 0.5 Å/s. The nominal thickness of a molecular layer of F 16 CuPc is estimated at 5-15 Å, depending on the molecular orientation and film morphology.
Samples were transferred following each deposition to the analysis chamber for ultraviolet photoemission spectroscopy ͑UPS͒ or XPS analysis. UPS of the valence states was done using the He I ͑21.22 eV͒ and He II ͑41.8 eV͒ radiation lines from a He gas discharge lamp. The Al(2p) core level was recorded using the Zr M ͑151.4 eV͒ photon line from the x-ray source. The Cu(2p), C(1s), N(1s), and F(1s) core levels of the molecular film were recorded using the Al K␣ ͑1486.6 eV͒ photon line. UPS and XPS spectra were recorded in separate experiments in order not to risk inducing changes in the organic valence states by exposure to x rays. The resolutions of the UPS and XPS measurement were 0.1 and 0.8 eV, respectively. Inverse photoemission spectroscopy ͑IPES͒ of the empty states of the organic material was performed to measure the HOMO-LUMO transport gap.
The devices used for I -V measurements consisted of a 400 Å freshly deposited metal bottom base, a 2000 Å film of F 16 CuPc, and a 500 Å top metal electrode evaporated through a shadow mask. An M 1 /F 16 CuPc/M 2 structure refers to a device where M 1 is the top evaporated electrode, and M 2 is the bottom substrate electrode. For device fabrication, the metal and organic layers were evaporated at rates of 0.5-1 and 1-2 Å/s, respectively. In the experiment involving inserting a thin Al layer into the organic film, a 600 Å layer of F 16 CuPc was first deposited on Au, followed by 4 Å of Al and then another 1400 Å of F 16 CuPc, making the total organic film thickness to be 2000 Å. Following fabrication, all the devices were transferred to the preparation chamber for in situ I -V measurement. A forward bias current is defined as electrons injected from the top electrode ͑negative bias on M 1 and positive bias on M 2 ) whereas a reverse bias current corresponds to electrons injected from the bottom electrode. In the analysis of the I -V characteristics, it is assumed that the current is unipolar in which F 16 CuPc acts as the electron transport material.
III. RESULTS

A. Al on F 16 CuPc
The evolution of the Al(2p), Cu(2p), and C(1s) core levels as a function of Al coverage on F 16 CuPc are shown in Figs 1͑a͒-1͑c͒. At low coverage ͑4 Å of Al͒, the Al(2p) signal consists of a single high binding energy ͑BE͒ component, consistent with the proposal that the first Al atoms deposited on F 16 CuPc react with it. The BE of the reacted species is 2.6 eV higher than that of metallic Al, and is typical of a highly oxidized Al 3ϩ species. 8 A 4 Å film of Al contains a number of atoms sufficient to react with molecules distributed over many molecular layers; thus the reacted interface is expected to be broad. For coverages above 8 Å of Al, a metallic Al(2p) component appears at 72.4 eV, showing accumulation at the organic film surface. The reacted Al(2p) peak also shifts by 0.5 eV toward higher BE with increasing coverage. This appears to be a chemical shift, as none of the other core and valence levels undergoes a similar shift. The shift can also correspond to an evolution of the photoemission-induced polarization. In this interpretation, at low Al coverage, reacted F 16 CuPc molecules are surrounded mostly by unreacted F 16 CuPc and experience strong polarization. The Al(2p) peak appears at lower binding energy. When a large fraction of the F 16 CuPc is reacted, the polarization decreases and the core levels shift to higher BE. This interpretation will be discussed further in Sec. IV C.
The Cu(2p) core level undergoes a pronounced 2.4 eV chemical shift toward lower BE on Al deposition. The C(1s) core level of intrinsic F 16 CuPc contains three components: a ''high'' BE component corresponding to the sixteen C atoms bound to F atoms ͑287.4 eV͒; a ''medium'' BE component corresponding to the eight pyrrolic C atoms bound to N and C atoms ͑286.4 eV͒; and a ''low'' BE component corresponding to the eight C atoms of the benzene rings not bound to F atoms ͑285.1 eV͒. 9 With increasing Al deposition, the intensity of the high BE component decreases significantly, while the low BE component increases. No significant change in the N(1s) and F(1s) core level BEs ͑not shown͒ is recorded, but broadening with increasing Al deposition occurs for both levels.
The evolution of the UPS spectra for Al deposited on F 16 CuPc is shown in Fig. 2͑a͒ . One angstrom of Al broadens out the F 16 CuPc features and 2 Å almost entirely destroys the F 16 CuPc valence level line shape, consistent with a strong chemical reaction, as suggested by XPS data. The F 16 CuPc HOMO peak broadens toward the Fermi level, suggesting the formation of electronic states in the lower energy region of the gap. The rigid shift of the spectrum toward lower BE is small ͑ϳ0.1 eV͒, consistent with the absence of significant molecular level bending shift in the XPS spectra. The amount of this shift depends on the initial Fermi level position in the film and on the final Fermi level position as determined by the metal-F 16 CuPc interaction, which are 1.2 and 1.1 eV above the low BE edge of the F 16 CuPc HOMO, respectively. Finally, the energy barriers for charge injection between the film of F 16 CuPc and the metal are obtained from the low coverage spectra where the F 16 CuPc features can still be identified, and from the lack of subsequent molecular level bending, as seen from XPS. The HOMO-to-Fermi level barrier is estimated to be 1.1 eV. Since the edge-of-HOMO to edge-of-LUMO gap of F 16 CuPc is 1.5 eV as measured by UPS and IPES, the electron injection barrier at this interface can be estimated to be 0.4 eV ͑Fig. 3͒.
B. F 16 CuPc on Al
The evolution of the Al(2p), Cu(2p), and C(1s) core levels as a function of F 16 CuPc coverage on Al are shown in Figs. 4͑a͒-4͑c͒. A high BE Al(2p) component appears at 74.8 eV and increases with coverage. The Al(2p) signal, including the 72.4 eV component of the metallic substrate, is strongly suppressed at 64 Å of F 16 CuPc, indicating that the molecular coverage is uniform and that the chemical reaction is limited to the first few molecular layers. The 2.4 eV chemical shift of the Al(2p) core level is 0.2 eV smaller than the shift observed for the opposite deposition sequence described previously. This is presumably due to screening by the metal at the interface. 3 The Cu(2p) peak has a 933.2 eV component at the interface, but the 935.6 eV peak of the pristine molecule dominates at a coverage of about 32 Å of F 16 CuPc. This, too, indicates that little diffusion of Al into the organic layer takes place at this interface. Similarly, the low BE component observed in the C(1s) spectrum at the interface decreases and the entire spectrum evolves toward that of pristine F 16 CuPc when the coverage reaches 32 Å of on which the layer of F 16 CuPc is deposited. However, chemical shifts are identical except for the effect of screening.
The evolution of the UPS spectra for F 16 CuPc deposited on Al is shown in Fig. 2͑b͒ . The spectrum taken at 16 Å of F 16 CuPc already exhibits the features of the pristine molecular film, in accord with the sharpness of the organic-on-metal interface deduced from XPS measurements. The 1.1 eV shift of the low energy photoemission onset between the clean metal surface and completion of the first molecular layer ͑ϳ16 Å͒ indicates the formation of an interface dipole barrier corresponding to a vacuum level rise from the metal to the organic. A gap state also appears between the HOMO and the Fermi level at low F 16 CuPc coverage. The Fermi level of the substrate is entirely suppressed at ϳ32 Å of F 16 CuPc, confirming the continuous nature of the organic layer. Finally, the HOMO-to-Fermi level distance is 1.4 eV, giving an estimate of 0.1 eV for the electron injection barrier ͑Fig. 3͒.
C. I -V characteristics
The electrical behavior of the Al-on-F 16 CuPc and F 16 CuPc-on-Al interfaces are compared by in situ I -V measurements on the following structures: Au/F 16 CuPc/Au, Al/F 16 CuPc/Al, Au/F 16 CuPc/Al, Al/F 16 CuPc/Au, and Au/F 16 CuPc͑Al͒/Au ͑4 Å of Al inserted in the F 16 CuPc film͒. Au is chosen as a non-reactive electrode to study the effect of Al/F 16 CuPc interfacial chemistry on device performance. The electron injection barriers measured by UPS are very different: 0.3 eV for F 16 CuPc-on-Au and 1.1 eV for Au-on-F 16 CuPc. This difference is due to the doping of the organic material by diffused Au atoms at the latter interface. 4 The I -V characteristics of the five devices are shown in Figs. 5͑a͒-5͑e͒. The inset illustrates each device structure, and the hatched areas correspond to heavily reacted areas of the device. The Au/F 16 CuPc/Au structure shows higher reverse bias current ͑i.e., electrons injected from the bottom electrode͒ than forward bias current, which is consistent with the energy alignments measured via UPS for these interfaces. The Al/F 16 CuPc/Al structure gives considerably less current in both forward and reverse bias, although the electron injection barrier is only 0.1 eV at F 16 CuPc-on-Al interface and 0.4 eV at the Al-on-F 16 10 Both phenanthroline and phthalocyanine ligands coordinate Cu through ''aromatic'' nitrogen ''lone'' electron pairs, though with different ligation geometries about the metal. In our proposed reaction scheme ͑Fig. 6͒, reduction of Cu II by Al gives anionic complex (F 16 Cu I Pc) Ϫ , which could coordinate to the Al ϩ3 ion thus formed through one of the phthalocyanine ring nitrogen lone electron pairs; thus the overall stoichiometry of the redox reaction product would be (F 16 CuPc) 3 Al. The coordination of (F 16 CuPc) 3 Al about Al ϩ3 might be formally analogous to Alq 3 , where the Al ϩ3 ion is ligated to three quinolate ligands in a quasioctahedral arrangement, but with an important difference: for Alq 3 , the Al ϩ3 ion is coordinated to three aromatic nitrogen atoms through lone electron pairs on each and also to three phenoxide-like oxygens, which should be relatively strong donor ligands. For (F 16 CuPc) 3 Al, the Al ϩ3 would also be coordinated to three aromatic nitrogen atoms through lone electron pairs but, in contrast to Alq 3 , also to three ortho-fluorine substituents of the phthalocyanine ligand, which are poor donors. Indeed, the recorded Al(2p) BE for (F 16 CuPc) 3 Al ͑75.0 eV͒ is about 0.7 eV higher than that measured for Alq 3 .
Reaction Instead, the added electron populates the complex LUMO, which is maximized on the pyridyl moieties of the quinolate ligands. Reduction of Cu II to Cu I should, however, affect the phthalocyanine ligand through a change in ''backbonding,'' which in general refers to delocalization of electron density from a transition metal to its ligand coordination sphere, accomplished by overlap of an appropriate, filled metallic orbital with an unfilled ligand orbital, usually of -symmetry. For both F 16 CuPc and (F 16 CuPc) 3 Al, electron density from the Cu is delocalized to the LUMO of the phthalocyanine ligand. This effect would be stronger for the lower valent ion; thus, in contrast to reduction of Alq 3 by Al, reduction of Cu II in F 16 CuPc by Al to Cu I in (F 16 CuPc) 3 Al does not convert the phthalocyanine ligand from a neutral species to a radical anionic one.
Reduction of F 16 CuPc to (F 16 CuPc) 3 Al causes some changes in the XPS spectra of the various atoms of the phthalocyanine ligand, but these are not dramatic. Little change is noted in the N(1s) peak, which is consistent with observations made for the ''redox'' pair (Fe II /Fe III )Pc. 11 The slight peak broadening measured for N(1s) may be due to an increase in charge delocalization by backbonding and the coordination of one of the eight nitrogens of each phthalocyanine group in (F 16 CuPc) 3 Al to Al ϩ3 . The F(1s) peak is also only slightly broadened; only one of sixteen fluorines of each phthalocyanine group in (F 16 CuPc) 3 Al is coordinated to Al ϩ3 and F(1s) BEs for inorganic aluminum fluorides ͑ϳ687.7 eV͒ 12 are themselves similar to the F(1s) binding energy in F 16 CuPc. The C(1s) signal in F 16 CuPc is broad and shows some structure. This signal has been resolved 9 into three components, at 287.2, 286.2, and 285.1 eV, assigned to C-F, C-N, and C-C, respectively. 13 Note that on conversion to (F 16 CuPc) 3 Al the intensity of the high BE shoulder of the C(1s) signal apparently decreases, and that of the low BE shoulder apparently increases. We interpret these observed signal changes to be due to a shift to lower BE primarily of that component of the C(1s) peak associated with C-F bonding, in accord with our argument that increased backbonding for (F 16 CuPc) 3 Al versus F 16 CuPc increases electron density on the phthalocyanine ligand ben- zenoid moieties, especially on those carbon atoms bonded to the electronegative fluorine substituents. It is interesting that a similar, unresolved C(1s) signal centered at 284.9 eV has been observed for F 16 CuPc deposited as a thin film on Si͑111͒, conditions which are also believed to give rise to reduction of the complex.
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B. Electronic structure of the metalÕF 16 
CuPc interfaces
The core level shifts observed at Al-on-F 16 CuPc and F 16 CuPc-on-Al interfaces suggest similar chemical reactions. The former interface is broad due to Al diffusion and the latter is abrupt; the energy positions of molecular levels differ by 0.3 eV at the two interfaces. Gap states are induced at both interfaces; however, the mechanisms that determine the interface barriers can be rationalized in somewhat different ways. At the F 16 CuPc-on-Al interface, molecular level alignment is defined primarily by the difference between the metal work function ͑4.2 eV͒ and the electron affinity of 
C. Current injection versus chemistry, morphology, and electronic structure
The I -V results presented above are surprising, and at first sight may seem contradictory, given the electron injection barriers determined above ͑Fig. 3͒. Indeed, the F 16 CuPc-on-Al barrier is slightly smaller than the F 16 CuPc-on-Au barrier, and the Al-on-F 16 CuPc barrier is 0.7 eV smaller than the Au-on-F 16 CuPc barrier. In both Au/F 16 CuPc/Au and Al/F 16 CuPc/Al devices, the reverse bias current is higher than forward bias current, consistent with the measured barriers. However, the currents in the Au/F 16 CuPc/Au structure are four to five orders of magnitude larger than in the Al/F 16 CuPc/Al structure ͓Figs. 5͑a͒ and 5͑b͔͒. The high electron mobility in F 16 CuPc is predominantly due to molecular stacking, which favors strong -electron overlap between molecules. We propose that the chemical reaction between Al and nearly planar F 16 CuPc not only modifies the molecule, but also perturbs considerably the stacking geometry. As a consequence, the formation of three dimensional (F 16 CuPc) 3 Al complexes inhibits -electron overlap and reduces the electron mobility. Therefore, the significant reduction in current in the Al/F 16 CuPc/Al structure is due to the formation of a chemically induced ''insulating'' layer, and not due to poor electron injection from the cathode. We use the term insulating to stress the poor conductivity of the new compound, as compared to F 16 CuPc. Upon photoionization, the polarization experienced by a molecule in a solid has two components: the polarization of neighboring molecules, and the charge delocalization. Charge delocalization is presumably smaller in the reacted layer than that in the original stacked structure. The 0.5 eV peak shift of the reacted Al(2p) core level ͓Fig. 1͑a͔͒ is consistent with a decrease in carrier delocalization and with the presence of the ''insulating'' layer.
Since this ''insulating'' layer is much broader for Al deposited on F 16 CuPc than for the reverse deposition sequence, one can correctly predict that Au/F 16 CuPc/Al gives a higher current than Al/F 16 CuPc/Au ͓Figs. 5͑c͒ and 5͑d͔͒. In Au/F 16 CuPc/Al, the reverse current is also larger than the forward current, consistent with the high electron injection barrier ͑1.1 eV͒ at the top and the low electron injection barrier ͑0.1 eV͒ at the bottom ͑Fig. 3͒. Both forward and reverse bias currents are smaller than those of Au/F 16 CuPc/Au because of the thin insulating layer formed at the F 16 CuPc-on-Al interface, and much larger than those in Al/F 16 CuPc/Al because of the absence of the broad insulating layer. In Al/F 16 CuPc/Au, the reverse current is only slightly larger than the forward current, in good agreement with the similar electron injection barriers at the two interfaces ͑Fig. 3͒. The I -V characteristics of the Au/F 16 CuPc/Al and Al/F 16 CuPc/Au structures in particular demonstrate the impact of deposition sequence on device performance.
To further confirm this picture, we inserted 4 Å of Al into the F 16 CuPc film of a Au/F 16 CuPc/Au structure. The forward and reverse bias currents obtained from this structure are smaller by four to five orders of magnitude than the currents obtained in the absence of Al ͓Fig. 5͑e͔͒ over a wide range of applied voltage. They are similar to those obtained from Al/F 16 CuPc/Al. Considering the 1.1 eV electron injection barrier at the Au-on-F 16 CuPc interface, the 0.1 eV internal barrier due to Al insertion, as deduced from Fig. 3 , is too small to explain the drastic current decrease. However, the XPS data presented above indicate that the 4 Å Al layer completely reacts with the molecular film and forms an extended insulating layer, which is responsible for the observed current decrease. The reverse current is only slightly larger than the forward current, indicating that the bulk property dominates the I -V characteristic in this device.
V. CONCLUSIONS
The combined investigations of chemical reaction, molecular level alignment and I -V characteristics lead to a cohesive picture of the Al/F 16 CuPc interface, in which the chemistry-induced disruption of the molecular structure of the film as well as interface electronic structure play important roles. The XPS study shows a strong chemical reaction between Al and F 16 CuPc molecules, which leads to the formation of an insulating (F 16 CuPc) 3 Al layer. The thickness of the insulating layer is shown to depend sensitively on the interface formation sequence ͑metal on organic versus organic on metal͒. The relative magnitudes of forward and re-verse bias currents in a same M 1 /F 16 CuPc/M 2 device are in qualitative agreement with the relative electron injection barriers of the two interfaces measured via UPS. However, the relative magnitudes of these currents, compared between devices, depend primarily on the presence of an Al contact and on whether Al forms an abrupt insulating layer (F 16 CuPc deposited on Al͒ or an extended insulating layer ͑Al deposited on F 16 CuPc) in the organic film. This work demonstrates that the sequence of formation of an interface can, in some cases, play a dominating role in the electrical behavior of that interface.
